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ABSTRACT
Observations of X-ray binaries indicate a dearth of compact objects in the mass range from ∼ 2 − 5 M and the existence of this (first
mass) gap has been used to advance our understanding of the engines behind core-collapse supernovae. LIGO/Virgo observations
provide an independent measure of binary compact remnant masses and several candidate first mass gap objects (either NS or BH)
were observed in the O3 science run. We study the formation of BH-NS mergers in the framework of isolated classical binary
evolution. We use population synthesis method to evolve binary stars (Population I and II) across cosmic time. The predicted BH-NS
mergers from the isolated classical binary evolution are sufficiently abundant (∼ 0.4 − 10 Gpc−3 yr−1) in the local Universe (z ≈ 0) to
produce the observed LIGO/Virgo candidates. We present results on the NS to BH mass ratios (q = MNS/MBH ) in merging systems,
showing that although systems with a mass ratio as low as q = 0.02 can exist, only a small fraction (∼ 0.05% − 5%) of LIGO/Virgo
detectable BH-NS mergers have mass ratios below q = 0.05. We find that with appropriate constraints on the (delayed) supernova
engine ∼ 30−40% of LIGO/Virgo BH-NS mergers may host at least one compact object in the gap. The uncertainties in the processes
behind compact object formation imply that the fraction of BH-NS systems ejecting mass during the merger is ∼ 0 − 9%. In our
reference model where we assume: (i) formation of compact objects within the first mass gap, (ii) natal NS/BH kicks decreased by
fallback, (iii) low BH spins due to Tayler-Spruit angular momentum transport in massive stars, we find that only ∼ 0.2% of BH-NS
mergers will have any mass ejection, and about the same percentage would produce kilonova bright enough to have a chance to be
detected even with a large (Subaru-class) 8m telescope. Interestingly, all these mergers will have both BH and NS in the first mass
gap.
Key words. Stars: massive, stars: neutron, black hole physics, gravitational waves
1. Introduction
Detailed analyses of X-ray binary observations have found a
paucity of compact remnants, neutron stars (NSs) and black
holes (BHs), in a mass range from ∼ 2 − 5 M (Bailyn et al.
(1998),Özel et al. (2010)). These observations contradicted the
prevailing theory at the time arguing for a continuous distribu-
tion of compact remnants across this range (Fryer & Kalogera
2001). One explanation of this mass gap is that the current
systems were the result of an observational bias (Farr et al.
2011; Kreidberg et al. 2012). Certainly, there has been a set
of observed systems with measurements within the mass gap
region, e.g. the recent observation of a neutron star with mass
of 2.14+0.10−0.09 M(Cromartie et al. 2019), the low-mass X-ray bi-
nary with a black hole mass of 3.3+2.8−0.7 M (Thompson et al.
(2019)), and the ambiguous smaller component in the merger
event GW190814 with mass m2 = 2.59+0.08−0.09 M (Abbott et al.
2020). Studies of the formation scenarios of compact remnant
binaries have shown that the existence, or lack thereof, of rem-
nants in this gap region can be used to constrain the properties
of the core-collapse supernova engine (Belczynski et al. 2012).
The LIGO/Virgo detectors are ideally suited to studying the
properties of compact remnants and answering questions of the
existence of a mass gap. The primary gravitational wave (GW)
signals for this ground-based detector consortium arise from the
merger of binary compact objects: BH-BH, BH-NS, and NS-
? paweldro1996@gmail.com
NS. The first two LIGO/Virgo science runs (O1/O2) detected
11 merging compact binaries: 10 BH-BH and 1 NS-NS (Abbott
et al. 2019). Although these observations brought a wealth of
information about the nature of compact remnant including BH
spins (Abbott et al. 2019a), no BH-NS events were observed and
no compact remnant formed in core-collapse was observed to
have a mass in the mass gap region.
BH-NS binaries are much more difficult to detect through
EM observations (Liu et al. 2014). Although observations of
high-mass X-ray binaries with black holes suggest that such sys-
tems should exist, the formation rate of merging BH-NS bina-
ries is not well-constrained. BH-NS binaries have not been ob-
served in electromagnetic (EM) signals (see also Bhattacharya
et al. (2019)). Here again, the O1/O2 science runs from the
LIGO/Virgo consortium detected no BH-NS binaries.
This picture is changing as data from the O3 science run from
LIGO/Virgo are published. Table 1 shows the candidates from
the O3 science run (from gracedb.ligo.org) excluding the BH-
BH systems through May 9, 2020. These preliminary reports,
if confirmed, include observations of both BH-NS mergers as
well as the first mass gap (FMG) compact objects. In using the
data from the LIGO database, we note that LIGO/Virgo clas-
sification scheme has some specific choices that may be some-
what different from those typically assumed in literature: NSs
are objects with mass M < 3 M, FMG objects have mass
3 < M < 5 M, while BHs have mass M > 5 M. Such clas-
sification means that any type of actual double compact object
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(NS-NS, BH-NS, or BH-BH) can have one or two FMG objects
as long as the mass limit between NSs and BHs is anywhere
between ∼ 2 − 5 M. In particular, one of the candidates from
O3 has been just confirmed to include a compact object in the
first mass gap: m1 = 23.2+1.1−1.0 M and m2 = 2.59
+0.08
−0.09 M (medi-
ans and 90% symmetric credible intervals; Abbott et al. (2020)).
However, it is not clear whether this system (GW190814) is a
BH-BH or a BH-NS merger.
GW (gravitational wave) ground based observations can
identify the first mass gap objects, but can not easily distin-
guish between BHs or NSs (e.g., Hinderer et al. (2019)). EM
observations can possibly help to identify the nature of a given
FMG object. For example, the expectation is that BH-BH merg-
ers do not produce EM emission, and no EM counterpart was
found so far for such merger (e.g., Greiner et al. (2016)). For
BH-NS and NS-NS mergers various EM counterparts are ex-
pected across EM spectrum. The most notable are short gamma-
ray bursts (Paczyn´ski 1991; Lee & Kluzniak 1995; Ruffert et al.
1997) and kilonovae (Li & Paczyn´ski 1998). Although there are
expected differences between the composition of the ejecta de-
pending on the size and nature (NS vs. BH) of the compact rem-
nant, the differences are currently difficult to disentangle from
the many model uncertainties (e.g., Metzger (2017); Miller et al.
(2019a); Korobkin et al. (2020)). However, by understanding the
properties of BH-NS better, we will be able to better differentiate
BH-NS and NS-NS systems.
In this study we focus on BH-NS mergers that can form
from isolated classical binary evolution (e.g., Belczynski et al.
(2016)). We estimate typical physical properties of such mergers
detectable by LIGO/Virgo. Using population synthesis models
that include updated estimates of BH spins and masses (Belczyn-
ski et al. 2020), we estimate the fraction of BH-NS mergers that
can host FMG objects and we show the mass ratio distribution
we expect for these systems. We also estimate the mass ejection
during BH-NS mergers, deriving associated kilonova emission
and its detectability.
Table 1. O3 run detection candidates (excluding BH-BH): prob - source
probability, dist - distance, FMG - first mass gap object. Events IDs:
prefix (S) indicates unconfirmed status + date (YYMMDD) + suffix
(refers to chronological ordering given date events - a = 1, z = 26,
aa = 27 etc. and it is assigned independently for each event category).
State for 2020-06-08.
ID type prob [%] dist [Mpc]
S200316bj FMG > 99 1178 ± 283
S200213t NS-NS 63 201 ± 80
S200115j FMG > 99 331 ± 97
S191213g NS-NS 77 195 ± 59
S191205ah BH-NS 93 385 ± 164
S190930t BH-NS 74 108 ± 38
S190930s FMG 95 752 ± 224
S190924h FMG > 99 514 ± 132
S190923y BH-NS 68 438 ± 133
S190910h NS-NS 61 241 ± 89
S190910d BH-NS 98 606 ± 197
S190814bv BH-NS > 99 276 ± 56
S190426c NS-NS/MG 49/24 375 ± 108
S190425z NS-NS > 99 155 ± 45
2. Calculations
2.1. Evolutionary calculations
In this paper, we evolve massive star binaries through the stel-
lar evolution and death, producing populations BH-NS binaries,
focusing on those systems that ultimately merge. All these mod-
els were made using the StarTrack population synthesis code
under the isolated classical binary evolution scenario (Belczyn-
ski et al. 2002, 2008a; Belczynski et al. 2020). We conduct a
series of models with different prescriptions for stellar evolu-
tion and binary actions. For each model, we also studied a range
of metallicities, modeling 32 scenarios varying the metallicity Z
from 0.0001 up to 0.03. Each simulation studied 2×106 binaries.
In this section, we review the assumed initial conditions and the
basic prescriptions used for the binary evolution.
We used initial binary parameters from Sana et al. (2012) as
modified by de Mink & Belczynski (2015), stellar winds were
adopted from Vink et al. (2001) and Belczynski et al. (2010). We
used 50% binary fraction and we assumed maximum NS mass
at 2.5 M. We adopted solar metallicity of Z = 0.014.
We adopt three component broken power-law Initial Mass
Function (IMF) from Kroupa (2001) for primary (more massive)
component in each binary: MZAMS ,A ∝ M−1.3 for 0.08 ≤ M <
0.5 M, ∝ M−2.2 for 0.5 ≤ M < 1.0 M, ∝ M−α3 for 1.0 ≤
M < 150 M, where we adopt α3 = 2.3. The initial mass of
secondary (MZAMS ,B) binary component is taken from flat mass
ratio distribution in a range q0 = [0.08/MZAMS ,A, 1], where q0 =
MZAMS ,B/MZAMS ,A. The range lower limit is chosen in a such
way in order to provide second component mass above hydrogen
burning limit (0.08 M).
In our common envelope (CE) calculations we used energy
balance from Webbink (1984) with updates on binding enve-
lope energy from Dominik et al. (2012). We do not take into
account systems in which CE with Hertzsprung gap donor oc-
curred. Core-envelope structure of these stars is not well known
(Belczynski et al. 2007; Ivanova et al. 2013) and the survival of
these systems during CE is highly uncertain. Additionally, such
systems may evolve through thermal timescale Roche-lobe over-
flow (RLOF) rather than through CE (Pavlovskii et al. 2017). We
assumed an accretion rate onto the NS/BH in CE phase set to 5%
of the Bondi-Hoyle accretion (MacLeod et al. 2017).
We assumed that 50% of the envelope mass is lost from the
binary during stable RLOF events. We adopted angular momen-
tum loss during RLOF from Podsiadlowski et al. (1992). From
Mondal et al. (2020) we adopted accretion model and accretion
efficiency onto BH/NS during stable RLOF or from winds.
Following Fryer et al. (2012), we use neutrino supported
convective supernova engine to calculate mass of NSs and BHs
in our simulations. However, we allow for a different develop-
ment time of such engine. In the rapid supernova engine model,
core-collapse is followed very quickly (∼ 100 ms) by supernova
explosion and ejection of stellar outer layers for intermediate-
mass stars and NSs form. For massive stars the engine is not
able to overcome the weight of infalling outer stellar layers and
stars collapses to form BHs. This naturally creates mass gap be-
tween NSs and BHs (Belczynski et al. 2012). In the delayed su-
pernova engine model, core-collapse is followed after relatively
long time (∼ 500−1000 ms) by supernova explosion and ejection
(or only partial ejection) of stellar outer layers for intermediate-
mass stars and NSs and light BHs form. This produces contin-
uous mass spectrum from light NSs to heavy BHs (Belczynski
et al. 2012).
The first mass gap is typically defined as the range: ∼ 2 −
5 M. We adopt slightly narrower range as a definition of the
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first mass gap: 2.1 − 5 M in our calculations. This is to reflect
the recently discovered (in radio) NSs with mass of about 2.1 M
(see Cromartie et al. (2019), Zhang & Li (2019)).
For massive stars we take into account pair-instability pul-
sation supernova (PPSN) mass loss. We adopt the weak PPSN
mass loss that allows for the formation of BHs up to ∼ 55 M
(Belczynski et al. 2020). We also allow for the most massive
stars to be totally disrupted (no BH remnant) by pair-instability
supernovas (PSN). During NS and BH formation we assume
10% and 1% neutrino mass loss, respectively.
Compact objects during formation may receive natal kicks
(Hobbs et al. 2005). We use a one dimensional Maxwellian na-
tal kick magnitude distribution with σ = 265 km s−1. This gen-
erates three dimensional average speed of ∼ 420 km s−1. The
orientation of natal kick is random. For some models, we allow
kicks to be decreased in magnitude through fallback of matter
during compact object formation. The natal kick decreases with
decreasing the ejecta mass (increasing the fallback mass):
Vkick = (1 − f f b)V, (1)
where V is kick magnitude drawn from Maxwellian distribution
with σ = 265 km s−1, and f f b is a fraction of matter which falls
back onto a compact object after SN explosion and it is obtained
from Fryer et al. (2012) formulas. Note that this fallback of mat-
ter during core-collapse is always used in the calculation of com-
pact object mass, but is used only for some models in calculation
of natal kicks. In other words, when fallback is applied, we as-
sume asymmetric mass ejection natal kicks and, while fallback
is not applied, asymmetric neutrino emission driven natal kicks
are applied. For more detailed discussion of natal kicks see Sec-
tion 6 of Belczynski et al. (2016).
The natal BH spin magnitude (a = (cJ)/(GM2), where J and
M are BH angular momentum and mass respectively) is adopted
from three different prescription of angular momentum transport
in stellar interiors. The most efficient angular momentum trans-
port is adopted from Fuller & Ma (2019); Fuller et al. (2019)
and we assign a = 0.01 for each BH natal spin in this scenario.
The next scenario employs the standard Tayler-Spruit magnetic
dynamo and efficient angular momentum transport from Spruit
(1999) as adopted in the MESA evolutionary code: this results
in a ≈ 0.05 − 0.15 depending on star mass and metallicity. Fi-
nally, we also adopt an inefficient angular momentum transport
driven by meridional currents (Ekström et al. 2012) as used in the
Geneva evolutionary code; this results in a ≈ 0.9 for low-mass
BHs (. 20 M) and a ≈ 0.2 for high-mass BHs (& 20 M). Full
details of the three models are given in Belczynski et al. (2020).
However, the BH spin magnitude may be affected by tidal
interactions between the stars in progenitor binaries of BH-NS
mergers. Therefore, we allow for tidal spin-up. If a Wolf-Rayet
(WR) star forms in a sufficiently close binary, it is a subject to
strong tidal interactions which affects its rotation in compari-
son to single stellar evolution/models (see Hotokezaka & Piran
(2017), Qin et al. (2018)). The resultant spin of a BH formed
from such star will be different from the spin of BH which was
formed either in isolation or in a wide binary. We adopt natal
BH spin magnitudes formed from tidally affected WR stars from
Belczynski et al. (2020):
aspin = e−0.1(Porb/P0−1)
1.1
+ 0.125, (2)
where Porb[s] is orbital period and P0 = 4000s. We apply this
formula for Porb = 0.1 − 1.3 day. We assume that wider systems
(with Porb > 1.3 day) do not experience significant tidal inter-
actions. BHs originating from binaries with Porb < 0.1 day are
assigned spin magnitude of aspin = 1.0.
Table 2 contains list of our models.
Table 2. Calculated models, SN engine: R/D - rapid/delayed.
Model SN engine fallback BH spin
M230 R 1 MESA
M233 R 0 MESA
M280 D 1 MESA
M283 D 0 MESA
M383 D 0 Geneva
M483 D 0 Fuller
2.2. BH-NS merger mass ejection and kilonovae
When a NS is disrupted in BH-NS merger, the radioactive ejecta
can emit a burst of electromagnetic radiation known as a kilo-
nova. We do not consider other potential electromagnetic signals
in this study (e.g., jets producing short gamma-ray bursts con-
sidered by Postnov et al. (2019)).
During the merger there are two basic merger scenarios: (i)
the NS is disrupted outside the BH event horizon (potential EM
signal), or (ii) the NS is disrupted inside the BH event horizon
(no EM signal). What happens depends on the BH spin, the NS
equation of state (EoS ), the mass ratio of two compact objects
and the orientation of the NS orbit with respect to the BH spin
plane. For each BH-NS binary system that we form in our pop-
ulation synthesis calculations, we have all these parameters. We
determine the ejecta mass from Kawaguchi et al. (2016):
Me j
MNS ,b
= max{a1Qn1 (1 − 2CNS )C−1NS
− a2Qn2 r˜ISCO (a · cos(itilt)) + a3
(
1 − MNS
MNS ,b
)
+ a4, 0}, (3)
where Q = MBH/MNS and MBH is BH mass and MNS is NS
mass, itilt is an angle between BH spin and orbital angular mo-
mentum, CNS = GMNS /(c2RNS ) is the NS compactness param-
eter that depends on the EoS .
We use the MPA1 NS EoS , which is consistent with
observational constraints on neutron star tides from the
first NS-NS merger observation (see Fig. 1), as well
as NICER observations (Miller et al. 2019b). Numeri-
cal NS mass-radius dependence data is obtained from
EoS figure in https://www3.mpifr-bonn.mpg.de/staff/
pfreire/interests.html. The maximum NS mass for MPA1
equation of state is ∼ 2.46 M. Rather than treat objects with
masses between 2.46M and 2.5M as black holes (. 1% of
NSs in BH-NS mergers in our models), we assume a constant
mass-radius relation for heavier neutron stars. For example if a
2.46 M NS has 11.3 km radius, all neutron stars above this mass
(up to 2.5 M) have 11.3 km radius.
The parameters a1 - a4 and n1, n2 are discussed in Kawaguchi
et al. (2016). MNS ,b is the total baryonic mass of a NS. We use
the relation between MNS and MNS ,b for non-rotating NS from
Gao et al. (2020) and Gupta et al. (2019), lowered by 1.8% to
account for the relative error of NS baryonic mass estimation:
lower MNS ,b provides more realistic ejecta masses. r˜ISCO is the
innermost stable circular orbit radius normalized by MBH: (e.g.
from Foucart et al. (2018)):
r˜ISCO(a) =
rISCO
GMBHc−2
= 3+Z2−sign(a)
√
(3 − Z1)(3 + Z1 + 2Z2),
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Fig. 1. Comparison of NS mass-radius relation of four different
equation of state with LIGO/Virgo constraints from NS-NS merger
GW170817 (90% credible limits shown by green and blue boxes: Ab-
bott et al. (2018a)). We employ MPA1 EoS which reaches ∼ 2.5 M
(our adopted maximum NS mass) and agrees with LIGO/Virgo con-
straints. Other relations are WFF1 (Wiringa et al. 1988), APR4 (Akmal
et al. 1998), DD2 (Alvarez-Castillo et al. 2016).
(4)
where Z1 and Z2 are functions of BH spin: Z1 = 1+(1−a2)1/3((1+
a)1/3 + (1 + a)1/3) and Z2 =
√
3a2 + Z21 , however we use the
projection of BH spin on binary orbital momentum direction to
calculate r˜ISCO (r˜ISCO(a · cos(itilt))).
Kilonova emission remains an active area of research and
the peak luminosity depends upon a wide range of factors from
properties of the ejecta like composition, the ejecta morphology
and viewing angle (see Wollaeger et al. (2019), Wollaeger et al.
(2018), Zhu et al. (2018), Fontes et al. (2020), Korobkin et al.
(2020)). For this paper, we use the following parameterized for-
mula for the o-band (1260 − 1360 nm) luminosity:
Lpeak = f × 1040
(
Me j
0.01 M
)0.2 ( v
0.1c
)0.2
ergs−1, (5)
where f is varied to match the wide range of current results:
0.3 ≤ f ≤ 4.5. For simplicity, we assume the actual result pro-
duced by different ejecta properties varies across this range with
a flat distribution. For our ejecta velocity distribution, we use v
from Kawaguchi et al. (2016):
v/c = 0.01533Q + 0.1907 (6)
We calculate apparent flux from kilonova for each merger
event with mass ejection. We assume that mass ejection is
isotropic. Therefore, the flux can be calculated as:
F =
Lpeak/(1 + z)2
4piD2L
, (7)
where z is redshift and DL is luminosity distance.
This flux corresponds to apparent o-band magnitude on
Earth. Apparent kilonova magnitude can be calculated using
Pogson’s equation:
Mkn = mVega − 2.5log10( FFVega ), (8)
where mVega = 0.026mag is the apparent Vega magnitude as seen
from Earth, FVega = 2.18072 × 10−8Wm−2 is a flux from Vega
and F is a flux from kilonova.
2.3. Cosmology
We assume a flat Universe with ΩM = 0.3, ΩΛ = 0.7, Ωk = 0
(Ade et al. (2016)) and Hubble constant H0 = 68.7kms−1Mpc−1.
This gives the age of Universe t0 ∼ 13.7Gyr (Aghanim et al.
2018; Hinshaw et al. 2013).
We assume that binary stars (Population I and II) are formed
in redshift range z = 0 − 15. The star formation rate density
history is adopted from Madau & Fragos (2017):
s f rd(z) = 0.015
(z + 1)2.6
1 + ((z + 1)/3.2)6.2
. (9)
We adopt an average cosmic metallicity evolution from
Madau & Fragos (2017) and we adopt a Gaussian distribution
(with 0.5 dex sigma) of metallicity around the average at each
redshift (Belczynski et al. 2020). After evolution some binaries
form BH-NS systems, and some of these systems merge. We
record their merger redshifts (and corresponding distances). We
also calculate an intrinsic BH-NS merger rate density and intrin-
sic merger rate as a function of redshift for all our models fol-
lowing method described in detail by Belczynski et al. (2016).
2.4. Result presentation
The results of our simulations are presented both reviewing the
intrinsic properties of the binary systems as well as the properties
of the subset of systems likely to be detected by LIGO/Virgo
observations. Even so, we focus on low redshift systems (z < 1)
because BH-NS mergers not be detected by LIGO/Virgo above
redshift z = 1 even at full design sensitivity. But we will also
present results focused on the current sensitivity limits of the
LIGO/Virgo O3 science run.
Presentation of the intrinsic fraction of BH-NS mergers that
have compact object or objects in the first mass gap is calculated
from:
η1 =
Rd fmg,z<1
Rdz<1
, (10)
where Rd fmg,z<1 ( Gpc−3 yr−1) is intrinsic merger rate density for
BH-NS mergers that occur for redshifts z < 1 and that have two,
one, or no objects within the first mass gap (assumed 2.1− 5 M
range, see Sec. 2.1). If there is only one compact object within
the first mass gap we identify whether it is a NS or a BH (using
our 2.5 M maximum mass limit for a NS). Rdz<1 ( Gpc−3 yr−1)
is intrinsic merger rate density for all z < 1 BH-NS mergers.
To present results for mass ejection in mergers of BH-NS
binaries we use fraction of intrinsic merger rate density. The in-
trinsic fraction of z < 1 BH-NS mergers with some mass ejection
is found from:
η2 =
RdMe j,z<1
Rdz<1
, (11)
where RdMe j,z<1 ( Gpc−3 yr−1) is the intrinsic merger rate den-
sity for BH-NS mergers that occurs at redshifts z < 1 and has
an ejecta mass Me j > 0.001 M or Me j > 0.01 M, and Rdz<1
( Gpc−3 yr−1) is the intrinsic merger rate density for all z < 1
BH-NS mergers.
We assess the detectability of BH-NS mergers in
gravitational-waves by LIGO/Virgo using simple mass scaling.
BH-NS mergers are detectable only if signal-to-noise ratio
(SNR) in LIGO/Virgo detectors is larger than 8, and we
calculate SNR from:
S NR = 8.0
120Mpc
DL
(
Mchirp
1.2 M
)5/6
, (12)
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where Mchirp = (m1m2)3/5(m1 + m2)−1/5 is chirp mass of BH-
NS system and m1, m2 are BH-NS components masses. In this
formula we assume that the current O3 LIGO/Virgo detection
range for NS-NS merger with a typical chirp mass of 1.2 M is
120 Mpc (Abbott et al. 2018b)). This gives us a detection rate of
BH-NS mergers by LIGO/Virgo: Rligo yr−1. The fraction of BH-
NS mergers that have compact objects in the first mass gap that
are detectable by LIGO/Virgo is calculated from:
η3 =
R fmg,ligo
Rligo
, (13)
where R fmg,ligo (yr−1) is LIGO/Virgo detection rate of BH-NS
mergers that have two, one or no objects within the first mass
gap.
We also calculate the fraction of LIGO/Virgo detectable BH-
NS mergers (S NR > 8) which show some mass ejection (Mej)
during the merger process as:
η4 =
RMe j,ligo
Rligo
, (14)
where Rligo (yr−1) is LIGO/Virgo detection rate of BH-NS merg-
ers, and RMe j,ligo (yr−1) is the detection rate of BH-NS mergers
with Mej larger than some specified value (i.e., Mej > 0.001 M).
BH-NS mergers that are detectable as kilonovae are de-
fined as follows: they need to be first detectable by LIGO/Virgo
(S NR > 8) and then they need to have enough mass ejecta escap-
ing with appropriate speed during the merger to produce emis-
sion bright enough to be detected by a given telescope (see eq.
5). For each BH-NS merger with mass ejection (and kilonova)
we use its apparent magnitude (Mkn, see eq. 8) and compare it
with the threshold sensitivity of three different telescopes that
are employed in search for kilonovae.
We consider a range of telescopes from small instruments
that can cover large fraction of sky like ATLAS (2 telescopes,
each with 0.5m diameter) with maximum reach of Mmax =
19.5mag (exposure time 0.5min), to medium-size Canada-
France-Hawaii Telescope (CFHT) (1 telescope with 3.6m diam-
eter) with 24.1mag limit (exposure time 60min) and large Subaru
(1 telescope with 8.2m diameter) with a limit of 26.0mag (expo-
sure time 4 − 8min). Since ATLAS detectability limit is given
directly for o-band, CFHT and Subaru limits are adopted for J-
band (WIRCam camera limit, band centered at 1220 nm) and Ic
filter (S uprime−Cam camera limit (see Miyazaki et al. (2002)),
filter centered at 806 nm) respectively. If a kilonova is brighter
than threshold for a given telescope:
Mkn < Mmax (15)
then we call it a detectable EM/kilonova counterpart to a given
LIGO/Virgo BH-NS merger signal. Then we calculate the frac-
tion of detectable BH-NS mergers as kilonovae which are
brighter than chosen telescope brightness threshold (see eq. 15)
in all LIGO/Virgo detectable BH-NS mergers from:
η5 =
Rkn,ligo
Rligo
, (16)
where Rkn,ligo (yr−1) is LIGO/Virgo detection rate of BH-
NS mergers with detectable kilonovas, and Rligo (yr−1) is
LIGO/Virgo detection rate of BH-NS mergers.
Note that the above scheme does not account for any local-
ization issues that may arise during search for kilonovae asso-
ciated with LIGO/Virgo sources (e.g., Nissanke et al. (2013);
Gomez et al. (2019)). This approximation serves only as a guide
to inform us whether any given kilonova is bright enough to be
detected (with some typical exposure time) by a given telescope
if this telescope was pointed right at the kilonova. Additionally,
we use peak brightness so this is a very optimistic approximation
of kilonova detectability.
3. First mass gap objects in BH-NS mergers
First we study the z < 1 BH-NS merger rate mass distribution for
several evolutionary models (M230, M233, M280, M283) using
both the rapid (Figure 2) and delayed (Figure 3) S N engine pre-
scriptions for remnant masses. As expected the first mass gap
is clearly visible in models that employ rapid SN engine (e.g.,
M230, M233). Therefore, for these models we do not expect
nearly equal mass ratio BH-NS mergers. However, for models
that employ delayed SN engine (e.g., M280, M283) there is no
mass gap between NSs and BHs and we predict almost equal
mass BH-NS mergers. This is important in context of mass ejec-
tion in BH-NS mergers (see Sec. 6).
In Figures 2 and 3 we also clearly see the effect of natal kicks
on the merger rate density of BH-NS systems. For models with
high natal kicks (e.g., M230, M280) the rates are higher by about
an order of magnitude than for models with natal kicks decreased
by the fallback (e.g., M233, M283). This is a consequence of
BH-NS progenitor binaries being disrupted more easily in mod-
els in which we employed higher natal kicks.
In Table 3 we list fractions of BH-NS mergers that have both
compact objects within the first mass gap (MGboth), only a BH
in the gap (MGBH), only a NS in the gap (MGNS, or no compo-
nents in the gap (MGnone). This table contains BH-NS mergers
that take place for redshifts z < 1 and the fractions are calculated
using merger rate densities (see eq. 10). For models that employ
rapid SN engine there are no BH-NS mergers with objects in
the first mass gap (assumed 2.1 − 5 M range). For models that
employ the delayed SN engine remnant prescription about half
or slightly more (0.538 − 0.696) of BH-NS mergers do not have
any mass gap objects. With these models, ones that employ high
natal kicks independent of compact object mass (M283, M383,
M483) show a significant fraction of BH-NS mergers with both
a compact object within the mass gap (0.162 − 0.250). Since all
compact objects have an equal probability to get a high natal
kick and disrupt progenitor binary, the mass function of these
compact objects falls steeply off with mass (approximately fol-
lowing initial mass function of stars): see black (NS) and green
(BH) lines in Figure 3. That results in a significant fraction of
BH-NS mergers with both compact objects within the first mass
gap. In contrast, for our model in which natal kicks decrease with
compact object mass (M280), this fraction is very small (0.034)
because the many BH-NS systems with heavy (∼ 10 M) BHs
outside the first mass gap are not disrupted by the kick: see blue
line in Figure 3. Depending on the model, significant fractions
of BH-NS mergers (0.211 − 0.269) have one compact object
(whether it is a NS or a BH) within the first mass gap. Although
we differentiate between NSs and BHs in the mass gap in Table
3, we note that this division is arbitrary as we simply assumed
that any compact object above 2.5 M is a BH.
In Table 4 we list fractions of BH-NS mergers with com-
pact objects within the first mass gap, but only for systems that
are detectable by LIGO/Virgo (SNR>8; see eq. 13). The de-
tectable LIGO/Virgo population is predicted to have almost half
mergers (0.363 − 0.427) with at least one compact object within
mass gap for delayed SN engine models (M280, M283, M383,
M483). A small but noticeable fraction (0.028 − 0.230) of BH-
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NS mergers are found to have both compact objects within the
gap. Compared with the intrinsic population (see Tab. 3), the
LIGO/Virgo detectable population has a smaller fraction of BHs
and a larger fraction of NSs in the gap. This simply reflects the
fact that LIGO/Virgo can detect heavier objects from larger dis-
tances and light BHs within the gap tend to be less represented
in LIGO/Virgo detectable population, while NSs that need to be
heavy to be within the gap tend to stand out more in this popula-
tion.
The fraction of FMG+FMG mergers among the entire
LIGO/Virgo detectable BH-NS merger population is signifi-
cantly smaller for the low BH natal kick model (M280: ∼ 0.03)
than for high kick models (M283, M383, M483: ∼ 0.2) (see
Tab. 4). FMG+FMG systems tend to survive high natal kicks
more often than other ones because of their specific evolutionary
history that typically leads to small separations before SN explo-
sions (see Sec. 4.3). Therefore, models with high natal kicks con-
tain higher fractions of FMG+FMG systems which are mergers
that are typically accompanied by mass ejection (see Sec. 5) and
therefore show kilonova emission (see Sec. 6), but these models
have small BH-NS merger rates (see Sec. 7).
We find that BH-NS mergers may still be detectable at dis-
tances as far as z ∼ 0.1 with LIGO/Virgo during O3 (S NR > 8).
Due to GW selection effects, the most distant mergers would be
the most massive ones: e.g., 2.2 M NS + 30.8 M BH which
have Mchirp as high as ∼ 6 − 7 M. These mergers are included
in Table 4.
Fig. 2. Mass distribution of compact objects in BH-NS mergers in lo-
cal Universe (z < 1) for models that employ rapid SN engine (M230,
M233). There is a very clear mass gap between NSs and BHs.
Table 3. Intrinsic fraction of (z < 1) BH-NS mergers in which both
(MGboth), only a BH (MGBH), only a NS (MGNS) or none (MGnone)
component/components are within the first mass gap (see eq. 10.) Same
results expressed in terms of merger rates can be found in Appendix;
see Tab. 11.
Model MGboth MGBH MGNS MGnone
M230 0 0 0 1
M233 0 0 0 1
M280 0.034 0.022 0.247 0.696
M283 0.250 0.130 0.081 0.538
M383 0.225 0.134 0.087 0.555
M483 0.162 0.141 0.097 0.599
Fig. 3. Mass distribution of compact objects in BH-NS mergers in local
Universe (z < 1) for models that employ delayed SN engine (M280,
M283). There is no mass gap between NSs and BHs.
Table 4. Fraction of LIGO/Virgo (S NR > 8) BH-NS systems where
both (MGboth), only a BH (MGBH), only a NS (MGNS) or none (MGnone)
component/components are within the first mass gap (see eq. 13.).
Model MGboth MGBH MGNS MGnone
M230 0 0 0 1
M233 0 0 0 1
M280 0.028 0.002 0.341 0.628
M283 0.230 0.019 0.114 0.637
M383 0.233 0.060 0.110 0.596
M483 0.194 0.002 0.231 0.573
4. Mass ratio of BH-NS systems
Fig. 4. Mass ratio distribution for BH-NS mergers in local Universe
(z < 1). Most mergers have rather small mass ratios q ∼ 0.1 − 0.2, but
there are also extreme mass ratio systems as 56 M BH + 1.3 M NS
(q = 0.023). For models with the delayed SN engine (M280, M283)
there is a secondary peak for high mass ratios q > 0.4 which consists
mostly of DCOs with both components in the first mass gap (see Sec. 4).
In Figure 4 we show the mass ratio distribution (mass of
a NS to a BH: q = MNS /MBH) for models with rapid SN en-
gine (M230, M233) and models with delayed SN engine (M280,
M283). This figure includes population of BH-NS mergers at
redshifts z < 1 and shows intrinsic mass ratio expressed by
merger rate density in bins of ∆q = 0.01.
Article number, page 6 of 14
P. Drozda et al.: BH-NS mergers and the first mass gap
As seen immediately from Figure 4, the majority of BH-NS
mergers have small mass ratios q ∼ 0.1 − 0.2 independent of
model assumptions. This comes from the fact that NSs have typ-
ical masses of 1 − 2 M and the majority of BHs found in BH-
NS mergers in our models have typical mass of ∼ 10 M (see
Figs. 2 and 3). Since the rapid SN engine does not populate
the mass gap, necessarily when adopting this model we predict
no mergers with mass ratio larger than q ∼ 0.4. However, for
models with delayed SN engine mass ratio distribution shows a
secondary peak for q ∼ 0.5−0.8. These are BH-NS mergers with
both compact objects within the first mass gap as such systems
must have q & 0.4.
Our results show that it is possible to create rather extreme
mass ratio systems q < 0.05. The most extreme systems de-
tectable by LIGO/Virgo (S NR > 8) in each of our model is:
M230 q = 0.034 (MBH = 52.2 M, MNS = 1.8 M), M233
q = 0.021 (MBH = 53.5 M, MNS = 1.1 M), M280 q =
0.032 (MBH = 39.7 M, MNS = 1.3 M), M283 q = 0.044
(MBH = 31.4 M, MNS = 1.4 M), M383 q = 0.034 (MBH =
55.4 M, MNS = 1.9 M), M483 q = 0.031 (MBH = 41.1 M,
MNS = 1.3 M). In Table 5 we list fractions of LIGO/Virgo
detectable BH-NS mergers (S NR > 8) that have mass ratio
smaller than 1/50, 1/30, 1/20, 1/10 for all our models. Fig-
ure 5 contains the same data plotted as cumulative distribu-
tion. Additional models that include BH-NS mergers with in-
put physics assumptions different than in this study may be
found at www.syntheticuniverse.org under the tab “Down-
load/2020: Double Compact Objects/Belczynski et al. 2020".
In the next subsection we discuss in detail the formation of
one extreme mass ratio system (38.9 M + 1.3 M; Sec. 4.1) as
infrequent as it may be. We follow with a detailed description of
formation of BH-NS merger with typical mass ratio (14.7 M +
1.8 M; Sec. 4.2), to finish with a description of BH-NS merger
with comparable mass components, both within the first mass
gap (3.5 M + 2.1 M; Sec. 4.3).
Table 5. Fraction of LIGO/Virgo detectable (S NR > 8) BH-NS mergers
with extreme and small mass ratios. Same results expressed in terms of
merger rates can be found in Appendix; see Tab. 12.
Model q<1/50 q<1/30 q<1/20 q<1/10
M230 0 0 0.0023 0.0400
M233 0 0.0076 0.0153 0.1329
M280 0 < 10−5 0.0005 0.0182
M283 0 0 0.0013 0.0958
M383 0 0 0.0093 0.1242
M483 0 0.0026 0.0518 0.3628
4.1. Extreme mass ratio BH-NS: 38.9 + 1.3 M merger
In this study we use terms primary/secondary component for
binary component with higher/lower Zero Age Main Sequence
(ZAMS) mass respectively.
Our calculations show that BH-NS mergers (independent of
their mass ratio) follow a similar evolutionary history. In Fig-
ure 6 we show the major stages of evolution of a massive binary
(primary M1 = 91.7 M, secondary M2 = 9.5 M) that pro-
duces in the end an extreme mass ratio BH-NS merger (MBH =
38.9 M, MNS = 1.3 M: q = 0.033). The major evolutionary
stages include:
– the evolution starts with a very massive primary (MB =
91.7 M) and intermediate mass secondary (MB = 9.5 M)
Fig. 5. Cumulative distribution of LIGO/Virgo detectable (S NR > 8)
BH-NS mergers in terms of mass ratio (see also Tab. 5).
on a very wide (semi-major axis a = 7400 R) and small
eccentricity orbit (e = 0.09);
– the primary becomes a core helium burning star while the
secondary is still on main sequence;
– a common envelope phase is initiated by expansion of pri-
mary; the primary becomes a naked helium star after H-rich
envelope ejection;
– the primary experiences a pair-instability pulsation super-
nova mass loss and right after directly collapses to a BH;
– the secondary becomes a Hertzsprung Gap (HG) star and, 14
kyr later, it initiates a stable Roche lobe overflow mass trans-
fer which ends when the secondary is on core helium burning
making a blue loop on H-R diagram (radius decreases);
– the Roche lobe restarts while the secondary is still on core
helium burning and it is moving redwards on H-R diagram
loop (radius increases);
– the Roche lobe overflow ends when secondary loses most of
its H-rich envelope;
– the secondary becomes naked helium star and explodes in
Type Ib (core-collapse) supernova forming a NS;
– the formation of highly eccentric BH-NS binary with ex-
treme mass ratio;
– the merger of BH with NS leads to burst of gravitational
waves but no kilonova emission (no mass ejection).
There is nothing specifically unusual in the formation of ex-
treme mass ratio BH-NS mergers. Similar evolutionary routes
are responsible for non-extreme BH-NS mass ratio systems (see
Klencki et al. (2018)). BH-NS progenitors experience two major
binary interactions (CE and RLOF) and are subject to one strong
supernova explosion forming a NS. The natal kick (243 km s−1
in case of the example shown in Fig. 6) produced during the SN
can make the BH-NS system highly eccentric. This reduces the
time to final merger, allowing such systems to merge within Hub-
ble time and be detected by LIGO/Virgo. However, for extreme
mass ratio systems there is no mass ejection during merger and
therefore these mergers are not expected to produce EM (e.g.,
kilonova or short GRB) signals (see Sec. 6).
4.2. Typical mass ratio BH-NS: 14.7 + 1.8 M merger
There are several variations to the formation of BH-NS mergers
in respect to evolution presented in Figure 6. Here we pick one
such variation to show the formation of a typical mass ratio (q =
0.12) BH-NS merger in our simulations.
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Fig. 6. Evolutionary route leading to formation of 38.9 M + 1.3 M
(q = 0.033) BH-NS merger for metallicity Z = 0.0001 (model M280).
Evolution from ZAMS to the formation of BH-NS system takes ∼ 30.4
Myr, and then it takes ∼ 2.29 Gyr for system to inspiral (angular mo-
mentum loss due to emission of gravitational waves) to final merger
of the two compact objects. (CHeB: core helium burning star, He star:
naked helium star, HG: Hertzsprung gap star). No tidal spin-up is ex-
pected due to large orbital separations when binary components are
naked helium stars: a ∼ 25 R (Porb = 2.1d; star A) and a ∼ 200 R
(Porb = 60d; star B) (see Sec. 2.1).
The formation of a 14.7 + 1.8 M BH-NS merger at metal-
licity Z = 0.0005 (model M230) involves following major evo-
lutionary stages:
– the evolution starts with a massive primary (MB = 35.8 M)
and an intermediate mass secondary (MB = 20.6 M) on a
wide (a = 6641 R) and eccentric orbit (e = 0.56);
– the primary becomes an asymptotic giant branch (AGB) star,
while the secondary is still on main sequence;
– the common envelope phase is initiated by the primary and
it loses about half of its mass;
– the primary undergoes a direct collapse (only 0.15 M mass
loss in neutrinos, no SN explosion) to a BH and we assume
no natal kick;
– the secondary becomes a core helium burning star, it initiates
a second common envelope episode and becomes a naked
helium star;
– the secondary explodes in Type Ib/c (core-collapse) super-
nova forming a NS with high natal kick (229 km s−1);
– formation of an eccentric (e = 0.90) BH-NS binary with
moderate mass ratio after 10.5 Myr of evolution since
ZAMS;
– after 2.7 Gyr, the merger of BH with NS leads to burst of
gravitational waves but without kilonova (no mass ejection).
Fig. 7. Evolution of two massive stars that leads to the formation of
the moderate mass ratio (q = 0.12) BH-NS (14.7 + 1.8 M) merger
(model M230). Top panel shows mass evolution of the primary and sec-
ondary star, while bottom panel shows changes in semi-major axis and
eccentricity. Evolution from ZAMS to BH-NS system formation takes
10.5 Myr, and then it takes another 2.7 Gyr for two compact objects to
merge and produce gravitational-wave radiation potentially detectable
by LIGO/Virgo. No mass ejection (no kilonova nor short GRB) is ex-
pected in this case.
This typical q = 0.12 system was formed from ZAMS bi-
nary with comparable components: qZAMS = 0.58 and it evolved
through two CE phases. Both components evolve through a sim-
ilar track. They form remnants shortly after the CE they initiated.
No tidal spin-up before BH formation is expected: a = 557 R
and Porb = 257d. Both stars lose significant fraction (& 50%)
of their mass in CE events, and the secondary component ejects
some extra mass from the binary during Type Ib/c supernova that
forms a heavy NS. A high natal kick at NS formation leads to the
formation of a very eccentric (e = 0.9) BH-NS binary that can
merge within a Hubble time despite its rather large separation
(a ∼ 40 R).
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4.3. Comparable mass BH-NS: 3.5 + 2.1 M merger
Comparable mass BH-NS systems, by construction, have rather
low-mass components for compact objects and typically one or
both of the components has a mass within the first mass gap.
Therefore, such systems appear only within delayed SN mod-
els. Here, we present the BH-NS merger with both components
within the FMG (3.5 M BH +2.1 M NS; q = 0.6) that has
formed at metallicity Z = 0.0015 in model M280:
– the ZAMS binary is formed with almost equal-mass compo-
nents: 18.80 M and 18.66 M at a moderately wide (a =
1100 R) and eccentric (e = 0.36) orbit;
– both components become core helium burning stars at simi-
lar time;
– stable RLOF starts from the primary to the secondary;
– the primary component becomes a naked helium star after
losing its H-rich envelope;
– a common envelope is initiated by the secondary component
which is still a core helium burning star;
– after common envelope both components are naked helium
stars;
– another stable RLOF from primary (evolved naked helium
star) to secondary component (∼ 2.0 M mass loss);
– primary component explodes as a stripped supernova (∼
2.6 M mass loss) with a 228 km s−1 natal kick forming a
NS, binary becomes eccentric (e = 0.24);
– secondary component supernova explosion forms a BH, a
217 km s−1 natal kick reduces system eccentricity (e =
0.06);
– close (a = 3.6 R) BH-NS binary forms on almost circular
orbit after ∼ 12 Myr evolution since ZAMS;
– after another 0.6 Gyr, the BH-NS merger occurs;
In this case, the NS forms ∼ 0.2 Myr before the BH forms
from the primary star due to early mass ratio reversal between the
primary and secondary (first stable RLOF). Figure 8 shows the
evolution of the binary progenitor of this system in more detail.
The small orbital separation prior to BH formation (a = 2.3 R,
Porb = 0.11d) causes the WR star progenitor of the BH to be spun
up due to tidal interactions. The BH spin becomes very large:
aspin = 0.983 in comparison to aspin = 0.092 expected from
single stellar evolution without tidal interactions. Due to the high
NS mass and its compactness, no mass ejection is expected even
for the high spin and low mass of BH.
5. Mass ejection in BH-NS mergers
Some BH-NS mergers may produce an electromagnetic counter-
part. For this to take place, the NS must disrupt outside the BH
event horizon. In this section we discuss amount of mass (if any)
that is ejected in BH-NS merger process.
Table 6 shows the fraction of BH-NS mergers in our intrin-
sic population (z < 1; eq. 11) with any mass ejecta (Mej >
0.001 M) and with significant mass ejecta (Mej > 0.01 M) for
all our models The corresponding distribution and reverse cumu-
lative1 distributions are shown in Figures 9 and 10, respectively.
The lowest ejecta mass found for BH-NS mergers produced
by our simulations and calculated with equation 3 is Mej =
0.0002 M, but we use Mej = 0.001 M as threshold for marking
systems with any mass ejection. For our models that eject mass,
the number of systems with Mej < 0.001 M is negligible. The
1 By reverse cumulative distribution we mean fraction of systems with
higher value than current argument
Fig. 8. Evolution of binary system that forms 3.5 + 2.1 BH-NS merger
(mass ratio of q = 0.6). We note that both compact objects are within
the first mass gap and we expect that this merger will not lead to any
mass ejection due to high NS mass.
Table 6. Intrinsic fraction of BH-NS mergers (z < 1); see eq. 11) with
any mass ejecta (Mej > 0.001 M) and with significant mass ejecta
(Mej > 0.01 M).
Model Mej > 0.001 M Mej > 0.01 M
M230 0.003 < 10−3
M233 0.007 0.004
M280 0.002 < 10−5
M283 0.001 0
M383 0.092 0.029
M483 0 0
largest ejecta mass is Mej ∼ 0.03 M, which is consistent with
results from Rosswog (2005); Kyutoku et al. (2015); Barbieri
et al. (2020). The ejecta mass estimated for the first confirmed
NS-NS merger, GW170817: ∼ 0.0002 − 0.03 M (Côté et al.
2017; Abbott et al. 2017) is in the range of our estimates.
The maximum fraction of BH-NS mergers with any ejecta
among our models is Fr = 0.092 (M383) and with significant
ejecta is Fr = 0.029 (also M383). This result is more pessimistic
than earlier population synthesis predictions that showed that the
maximum fraction of BH-NS mergers with mass ejecta is 0.4
(Belczynski et al. 2008b).
The rapid SN engine models (M230 and M233) produce
BH-NS mergers with low-mass NSs (. 2 M) and show the
larger fraction of systems with mass ejecta than the correspond-
ing delayed SN engine models (M280 and M283). In the de-
layed models we additionally allow for the formation of heavy
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Fig. 9. Intrinsic distribution of ejecta mass in BH-NS mergers with
z < 1.
Fig. 10. Intrinsic reverse cumulative distribution of ejecta mass (> Mej)
in BH-NS mergers with z < 1.
NSs (> 2 M) that are more compact than lower-mass NSs (see
Fig. 1) and thus are harder to disrupt.
BH spin plays a significant role in setting the size of event
horizon and this regulates whether NS disruption can produce
any mass ejecta (Foucart et al. 2018; Zappa et al. 2019; Sedda
2020). For rapidly-rotating BHs (small event horizons), mass
ejection is found in a significant fraction of BH-NS mergers
(M383), while the fraction decreases for slowly spinning BHs
(M230, M233, M280, M283), and there is no BH-NS mergers
with mass ejection for (almost) non-spinning BH model (M483).
Table 7 shows only those BH-NS mergers with mass ejection
(Me j > 0.001 M; see Tab. 6) and we subdivide these to show
contribution of mergers in which none, one (BH or NS) or both
components are within the first mass gap. These are therefore
intrinsic fractions for subpopulation of BH-NS mergers (with
mass ejection) with z < 1. Models with rapid SN engine (M230,
M233) have both merger components always outside the FMG,
while for model with very slow BH spins (M483) there is no
BH-NS meregrs with mass ejecta at all.
Because binaries with both objects in the FMG correspond
to more favorable mass ratios for tidal disruption, the fraction
of binaries in the FMG and producing some ejecta can be corre-
lated. In the most extreme case, for our reference model (M280)
we find that all (fraction: 1.0) of BH-NS mergers with ejecta are
systems with both components, NS and BH, in the first mass gap.
These BH-NS systems have evolved through spin-up of WR star
and BHs have very large spin that allows for easy mass ejection
(aspin > 0.9). The lowest mass BHs (i.e., in FMG) are naturally
selected for systems with mass ejecta as they have the smallest
size of the event horizon. And the heaviest NSs (i.e., in FMG)
are also favored since in order to spin up the BH progenitor (a
WR star) either NS forms first (so it must be heavy; mass ra-
tio reversal), or the NS progenitor is WR star at the time when
BH progenitor is WR star (so both stars evolve almost at similar
timescales and must be close in mass). Additionally, this model
allows for fallback-moderated natal kicks, so heavy NSs receive
smaller kicks and they have increased chance to survive in a bi-
nary after a supernova explosion as compared to the lighter NSs.
By contrast, for a model with high natal kicks (M283), the frac-
tion of systems with mass ejecta with both compact objects in the
FMG decreases (0.227). In this model, most of BH-NS systems
have no compact object in FMG (0.773). In this model heavy
stars forming heavy NSs and light BHs (in FMG) frequently dis-
rupt binary systems and fraction of BH-NS with mass ejecta with
compact objects outside FMG increases in relation to model with
fallback-moderated kicks (M280). Finally, for the model with
high initial BH spins (M383) the fraction of mergers with mass
ejecta and both compact objects in FMG is small (0.099), as spe-
cific processes (i.e., tidal spin up) are not the only way to produce
mass ejecta and lots of BH-NS mergers have either only BH in
FMG (0.343) or no compact object in FMG (0.558).
Table 7. The intrinsic BH-NS merger population with any mass ejecta
Me j > 0.001 M (z < 1); see Tab. 6). We present the fraction of mergers
for which both (MGboth), only a BH (MGBH), only a NS (MGNS) or
none (MGnone) component/components are within the first mass gap.
For model M483 there are no systems with mass ejecta.
Model MGboth MGBH MGNS MGnone
M230 0 0 0 1
M233 0 0 0 1
M280 1 0 0 0
M283 0.227 0 0 0.773
M383 0.099 0.343 0 0.558
M483 - - - -
Table 8. The LIGO/Virgo detectable BH-NS mergers (S NR > 8) with
any mass ejecta Me j > 0.001 M. We present he fraction of mergers
for which both (MGboth), only a BH (MGBH), only a NS (MGNS) or
none (MGnone) component/components are within the first mass gap.
For model M483 there are no systems with mass ejecta.
Model MGboth MGBH MGNS MGnone
M230 0 0 0 1
M233 0 0 0 1
M280 1 0 0 0
M283 0 0 0 1
M383 0.054 0.701 0 0.245
M483 - - - -
In Table 8 we list contributions of BH-NS mergers with com-
pact objects in and out of the first mass gap, but only for systems
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that have any mass ejection (Me j > 0.001 M) and are detectable
by LIGO/Virgo (SNR>8; see eq. 12). These fractions are calcu-
lated using merger rates (see eq. 14). This Table can be used as a
proxy for systems within LIGO/Virgo detectable BH-NS merg-
ers that may be potentially visible also in EM as kilonovae (see
Sec. 6).
The results are qualitatively similar to what we have found
for the intrinsic population of BH-NS mergers presented above
in Table 7. The small to moderate quantitative differences arise
from the fact that our adopted criteria for LIGO/Virgo detectabil-
ity set the horizon redshift for (light) BH-NS mergers with mass
ejection to only zhor ∼ 0.07. For comparison, the horizon redshift
for the overall BH-NS merger LIGO/Virgo detectable population
is zhor ∼ 0.1, while the redshift cut we employed in Table 7 is
z < 1.
6. Electromagnetic counterpart
BH-NS mergers where the NS is disrupted outside the event
horizon produce mass ejecta and accretion disks that then may
produce EM counterparts. In this section we discuss our results
on kilonova emission associated with BH-NS mergers with mass
ejection. For LIGO/Virgo detectable events (S NR > 8) we cal-
culate kilonova luminosities for each BH-NS merger with some
mass ejecta (Mej > 0.001 M) following scheme outlined in Sec-
tion 2.2. For each merger event we employ the simulated dis-
tance archived in our synthetic universe (see Sec. 2.3).
Figure 11 shows the distribution of brightness in o-band
(1260 − 1360nm) of BH-NS mergers with kilonova emission
for all our models. Kilonova brightness is found in very broad
range (Mkn ∼ 14 − 27mag), but dim kilonovae dominate (Mkn ∼
23mag). The large brightness range comes from the combina-
tion of distance range for BH-NS mergers that are detectable
by LIGO/Virgo during O3 (z . 0.07; luminosity distance: .
320Mpc) and the fact that ejecta mass is found in wide range
of values (Mej ∼ 0.001 − 0.03 M). Our results showing that
most kilonovae are predicted to be rather dim originates from
the fact that most events are found at distances (average red-
shift: zave ∼ 0.04; average luminosity distance of ∼ 180Mpc)
close to LIGO/Virgo O3 detection horizon for BH-NS mergers
(z ∼ 0.07; where most of the searched volume is located). Addi-
tionally, the ejecta mass found in our simulations is rather small:
Mej < 0.03 M (see Fig. 9).
Table 9. Fraction of BH-NS mergers with detectable kilonova among
LIGO/Virgo detectable (S NR > 8) events (see eq. 16). Kilonova de-
tectability is assessed for three different instruments: Subaru, Canada-
France-Hawaii Telescope (CFHT) and ATLAS. Same results expressed
in terms of merger rates can be found in Appendix; see Tab. 13.
Model Subaru CFHT ATLAS
M230 0.002 0.001 < 10−5
M233 0.005 0.002 < 10−4
M280 0.002 0.001 < 10−5
M283 < 10−3 0 0
M383 0.085 0.072 < 10−3
M483 0 0 0
Kilonova brightness vary with different model assumptions.
In Table 9 we show the fraction of BH-NS mergers with de-
tectable kilonova among LIGO/Virgo detectable (S NR > 8)
events (see eq. 16) for all our models. Detectability of a given
kilonova (with its corresponding brightness) is assessed based on
Fig. 11. Kilonova brightness distribution for LIGO/Virgo detectable
BH-NS mergers.
the detection thresholds of some typical optical instruments used
for search of kilonovae. We show results for small instrument
like ATLAS (maximum reach of Mmax = 19.5mag), medium-
size Canada-France-Hawaii Telescope (Mmax = 24.1mag) and
large Subaru telescope (Mmax = 26.0mag).
We find that the fraction of potentially detectable kilonovae
associated with BH-NS mergers is negligible for small instru-
ments: in 1000 LIGO/Virgo detected BH-NS mergers only . 1
could be accompnied by a kilonova. For medium size instru-
ments fraction of BH-NS mergers associated kilonovae varies
from small (. 7 kilonova detections per 100 LIGO/Virgo detec-
tions) to negligible (less than 1 in 1000). For large telescopes,
slightly larger fractions are expected: up to ∼ 9 kilonovae per
100 LIGO/Virgo BH-NS detections, although much smaller frac-
tions are possible. Additionally, if the model with low natal BH
spins is taken into account (M483; Fuller BH spins) then no mass
ejection and no kilonovae are expected to be associated with
BH-NS mergers. In contrast, for highest natal BH spins (M383;
Geneva BH spins) the mass ejection is the highest and incidence
of kilonova detection is largest. This may surprisingly provide
an avenue to test BH spins with EM detections of LIGO/Virgo
BH-NS mergers.
7. BH-NS merger rates
The merger rate density of BH-NS systems was estimated from
O1/O2 LIGO/Virgo observations to be < 610 Gpc−3 yr−1 (Ab-
bott et al. 2019b). Using one BH-NS merger candidate from O3
LIGO/Virgo observations (GW190814) Belczynski et al. (2020)
estimated the rate density of BH-NS mergers to be in the range
1.6− 60 Gpc−3 yr−1. However, it was noted by LIGO/Virgo Col-
laboration that this may be a BH-BH merger (Abbott et al. 2020).
In Table 10 we list BH-NS merger rate density (Rd) obtained
from our models at redshifts z = 0, 0.5, 1. At the moment
LIGO/Virgo can detect BH-NS mergers to redshift of z ∼ 0.1.
For low redshifts (z = 0 − 0.5) the rates for models with high
NS/BH natal kicks (M233, M283, M383, M483) have rather low
merger rates: Rd < 1 Gpc−3 yr−1 as most progenitors of BH-
NS systems are disrupted at BH or NS formation. The low red-
shift rates for models with natal kicks decreased by the fallback
are much larger: Rd ∼ 10 − 23 Gpc−3 yr−1 for model M230 and
Rd ∼ 5 − 10 Gpc−3 yr−1 for model M280.
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The rates are a factor of ∼ 2 larger in model M230 (rapid SN
engine) compared to model M280 (delayed SN engine). Both
models employ the fallback decreased natal kicks. As shown
in Figure 12, BHs begin forming just above MZAMS ∼ 20 M
for the rapid SN engine. In particular, BHs that form from the
lowest-mass stars (MZAMS ∼ 20 − 23 M) have large enough
masses (MBH ∼ 20 M) to form through direct collapse and
therefore these BHs receive no natal kicks. Binaries (potential
BH-NS progenitors) with such stars always survive BH forma-
tion. On the other hand, for the delayed SN engine BHs be-
gin forming just above MZAMS ∼ 15 M. In the mass range
MZAMS ∼ 15 − 23 M these BHs form with rather low mass
(MBH . 10 M) and they tend to receive high natal kicks that
can easily disrupt binary progenitors of BH-NS mergers. This
leads to the BH-NS merger rate difference between models that
employ rapid and delayed SN engines. There are also some dif-
ferences between the models for higher initial star masses in
terms of BH masses and natal kicks, but they are not that im-
portant due to the steep IMF adopted in our calculations. The
emergence of the peak in BH mass at the transition of NS/BH
formation (MZAMS ∼ 20 M) for the rapid SN engine and the
continuous gradual BH mass increase with the initial star mass
(at least for MZAMS . 35 M) for the delayed SN engine is the
major reason behind the rate difference. These particular features
of BH mass dependence on initial star mass were explained in
the context of underlying hydrodynamical simulations of super-
nova explosions that were used to create both SN engine models
(Fryer et al. 2012; Belczynski et al. 2012).
Table 10. Intrinsic BH-NS merger rate density Rd [ Gpc−3 yr−1].
model Rd (z = 0.0) Rd (z = 0.5) Rd (z = 1.0)
M230 10.202 22.592 40.322
M233 0.446 0.963 1.815
M280 4.519 10.459 18.213
M283 0.477 0.893 1.556
M383 0.465 0.860 1.522
M483 0.391 0.835 1.363
In previous sections we presented all our results in terms of
fractions of BH-NS merger population. The rates listed in Ta-
ble 10 can be used to convert these fractions to merger rate den-
sities. In some cases, a high merger rate can compensate for a
low fraction of BH-NS with desired properties, or vice-versa.
For example, we estimated that the highest fraction of
LIGO/Virgo detected BH-NS mergers will be associated with
kilonovae for model M383, while other models provide more
than 10 times smaller fractions (see Tab. 9). However, model
M383 has rather small local BH-NS merger rate density. Despite
this fact, the merger rate density of BH-NS systems with de-
tectable kilonova (e.g., for Subaru telescope; see Tab. 9) is still
the highest for that model: Rd = 0.085 × 0.465 Gpc−3 yr−1 =
0.040 Gpc−3 yr−1. In comparison, the second highest rate den-
sity of BH-NS mergers with detectable kilonovas is ob-
tained in model M230: Rd = 0.002 × 10.202 Gpc−3 yr−1 =
0.020 Gpc−3 yr−1. On one hand, model M383 model contains
BHs with high spins (Geneva natal BH spins) that produce
larger fraction of BH-NS mergers with mass ejection/kilonovas
as compared to model M230. On the other hand (dominant ef-
fect), model M230 results in much higher BH-NS merger rate
density due to lower BH/NS natal kicks and a different choice of
SN engine as compared to model M383 (see discussion above in
this section).
Fig. 12. Top: initial (ZAMS) star mass final (remnant) mass relation
for single stars for metallicity of Z = 0.001 for two SN engines: rapid
employed for example in model M230 and delayed employed for ex-
ample in model M280. Blue strip at the bottom marks NS mass range
adopted in our models (MNS = 1− 2.5 M). Bottom: fallback decreased
natal kicks received by remnants (NS or BH) formed out of single stars
(Z = 0.001) for a given initial (ZAMS) mass for the two SN engines.
The shape of the adopted Initial Mass Function (IMF) is also shown.
8. Conclusions
We have performed a suite of binary evolution calculations to
model the local Universe population of BH-NS mergers. Such
mergers are gravitational-wave sources and potentially they can
also produce EM emission (e.g., kilonova). They are also inter-
esting in the context of existence (or lack thereof) of the first
mass gap, the dearth of compact objects (whether they are NSs
or BHs) in the mass range ∼ 2 − 5 M. At present, it seems like
EM observations are beginning to place some compact objects in
this mass range (Cromartie et al. 2019; Thompson et al. 2019),
and the same is found for GW LIGO/Virgo detections (Abbott
et al. 2020). However, there is still no clear evidence that a BH-
NS system was found. Our predictions may be summarized as
follows:
– Our classical isolated binary evolution models that can ex-
plain the observed local Universe rate of BH-BH merg-
ers and NS-NS mergers (Belczynski et al. 2020) predict
BH-NS merger rates that are high enough (at least for
some realization of the adopted input physics) to guaran-
tee detection in the current (O3) or near future LIGO/Virgo
data/observations. In particular, for our reference model
(M280) that allows for the formation of compact objects
within the first mass gap and with fallback decreased NS/BH
natal kicks and low BH spins (Tayler-Spruit angular momen-
tum transport in massive stars) the local (redshift z = 0) BH-
NS merger rate density is ∼ 5 Gpc−3 yr−1. Note that the pre-
dicted merger rate densities of BH-NS systems in clusters
are orders of magnitude lower (Ye et al. 2019; Fragione &
Banerjee 2020; Hoang et al. 2020).
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– If the existence of compact objects within the first mass gap
is confirmed this would place limits like those assumed in the
“delayed” explosion scenario from Fryer et al. (2012) with
weaker explosions with material accretion (e.g. fallback) af-
ter the launch of the explosion. Qualitatively similar result is
also obtained by Zevin et al. (2020). In our scenarios with
delayed supernova engine, we find that a significant fraction
of BH-NS mergers may host a first mass gap compact object:
∼ 30 − 40% (models M280, M283, M383, M483).
– Our models indicate that rather extreme BH-NS mass ratio
systems may form in classical isolated binary evolution. For
example, it is possible to form systems with mass ratio (NS
mass to BH mass) as low as q = 0.02 with ∼ 1 M NS and
∼ 50 M BH. However, such systems are only a very small
part of overall BH-NS merger population, and typical BH-
NS mergers are expected to form with mass ratios of q =
0.1 − 0.2.
– We predict, that some small fraction of BH-NS systems
will be accompanied by mass ejection during merger pro-
cess. The fraction of such systems within the overall BH-NS
merger population depends sensitively (0 − 9%) on the un-
certain input physics. For our best guesses of input physics
(model M280) we predict that only ∼ 0.2% of BH-NS merg-
ers are accompanied by mass ejection and by bright enough
kilonova to be detectable with a large 8-meter class tele-
scope. This result was obtained for a specific MPA1 equation
of state (see Fig. 1) and for rather optimistic assumptions on
kilonova detectability (see Sec. 2.4) and it does not provide
high hope to detect BH-NS mergers in EM. Since the mass
ejection (and EM detectability) depends sensitively on BH
spin, the future detections (or lack thereof) of BH-NS merg-
ers in EM may distinguish among several existing models of
angular momentum transport in massive stars that sets the
BH natal spin (Bavera et al. 2020; Belczynski et al. 2020).
– We find that treatment of BH/NS natal kicks may alter local
BH-NS merger rate density by large factors ∼ 10 − 20. This
comes from direct dependence of binary systems’ survival
(or lack thereof) during BH/NS formation on asymmetries
in mass and/or neutrino ejection/emission (natal kicks). This
may provide a way to put some constraints on the so far un-
known mechanism behind natal kicks.
Our current binary evolution models with BH-NS mergers
(and also with BH-BH and NS-NS) mergers are publicly avail-
able for further exploration at https://syntheticuniverse.
org.
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10. Appendix
In Table 11 we list intrinsic merger rate density of BH-NS sys-
tems with compact objects in the first mass gap for all models
and for local Universe (z ∼ 0). Data in this Table is the com-
bination of Table 3 and Table 10 first column. In other words it
is assumed that fractions of BH-NS mergers with various com-
binations of compact objects in the first mass gap (Tab. 3) are
constant in redshift range z = 0 − 1.
In Table 12 we list merger rate density of LIGO/Virgo de-
tectable BH-NS systems with extreme and small mass ratios for
all models. Data in this Table is the combination of Table 5 and
Table 10 first column (local Universe z ∼ 0).
In Table 13 we list merger rate density of LIGO/Virgo de-
tectable BH-NS systems with detectable kilonovae for all mod-
els. Data in this Table is the combination of Table 9 and Table 10
first column (local Universe z ∼ 0).
Table 11. Intrinsic merger rate denisty [ Gpc−3 yr−1] of BH-NS systems
in which both (MGboth), only a BH (MGBH), only a NS (MGNS) or none
(MGnone) component/components are within the first mass gap.
Model MGboth MGBH MGNS MGnone
M230 0.000 0.000 0.000 10.202
M233 0.000 0.000 0.000 0.446
M280 0.154 0.099 1.116 3.145
M283 0.119 0.062 0.039 0.257
M383 0.105 0.062 0.040 0.258
M483 0.063 0.055 0.038 0.234
Table 12. Merger rate density [ Gpc−3 yr−1] of LIGO/Virgo detectable
(S NR > 8) BH-NS systems with extreme and small mass ratios.
Model q<1/50 q<1/30 q<1/20 q<1/10
M230 0.000 0.000 0.023 0.408
M233 0.000 0.003 0.007 0.059
M280 0.000 < 10−5 0.002 0.082
M283 0.000 0.000 0.001 0.046
M383 0.000 0.000 0.004 0.058
M483 0.000 0.001 0.020 0.142
Table 13. Merger rate density [ Gpc−3 yr−1] of BH-NS systems with
detectable kilonova among LIGO/Virgo detectable (S NR > 8) events.
Kilonova detectability is assessed for Subaru, Canada-France-Hawaii
Telescope (CFHT) and ATLAS.
Model Subaru CFHT ATLAS
M230 0.023 0.013 < 10−4
M233 0.002 0.001 < 10−4
M280 0.010 0.005 < 10−4
M283 < 10−3 0.000 0.000
M383 0.045 0.033 < 10−3
M483 0.000 0.000 0.000
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